The Asteraceae (Compositae) is a large family of over 20,000 wild, weedy, and domesticated species that comprise approximately 10% of all angiosperms, including annual and perennial herbs, shrubs and trees, and species on every continent except Antarctica. As a result, the Asteraceae provide a unique opportunity to understand the evolutionary genomics of lineage radiation and diversification at numerous phylogenetic scales. Using publicly available expressed sequence tags from 22 species representing four of the major Asteraceae lineages, we assessed neutral and nonneutral evolutionary processes across this diverse plant family. We used bioinformatic tools to identify candidate genes under selection in each species. Evolution at silent and coding sites were assessed for different Gene Ontology functional categories to compare rates of evolution over both short and long evolutionary timescales. Our results indicate that patterns of molecular change across the family are surprisingly consistent on a macroevolutionary timescale and much more so more than would be predicted from the analysis of one (or many) examples of microevolution. These analyses also point to particular classes of genes that may be crucial in shaping the radiation of this diverse plant family. Similar analyses of nuclear and chloroplast genes in six other plant families confirm that many of these patterns are common features of the plant kingdom.
Introduction
Ever since Darwin (1859) argued that species and lineages could originate and evolve via natural selection, biologists have debated whether larger patterns of evolution (macroevolution) could be explained by many small steps (microevolution). Many subsequent researchers agreed with Darwin and further argued that micro-and macroevolutionary processes are fundamentally similar and that the same processes that generate diversity within and between populations of a species also lead to formation of new species, genera, and even Kingdoms of life, given enough time (e.g., Dobzhansky 1951; Leroi 2000; Reznick and Ricklefs 2009) . Although microevolution is well accepted below the species level, such process is not universally embraced as the causal forces behind diversity at broader phylogenetic scales (Gould and Lewontin 1979; Erwin 2000; Carroll 2001 ). Nonetheless, large discontinuities in the fossil record (Gould and Eldridge 1977) , key developmental innovations (Erwin 1999) , and higher level processes such as species sorting (Gould and Lewontin 1979; Vrba and Gould 1997) have all been used to argue that macroevolution is not a simple extension of local adaptation and other short-term processes. According to this view, emergent properties occur over long timescales in ways that cannot be predicted based on short-term observations (Erwin 2000) .
In contrast, Dobzhansky (1937) argued that ''full comprehension of the microevolutionary process observable within the span of a human lifetime'' can lead to ''an understanding of the mechanisms of macroevolutionary changes.'' Rapid shifts in morphology due to strong selection forces have been documented in a number of microevolutionary cases (e.g., Boag and Grant 1981; Grant PR and Grant BR 1997; Losos et al. 1997; Reznick et al. 1997; Janick 2003) and even the slowest observable microevolutionary changes would easily qualify as ''punctuations'' in the fossil record (Charlesworth et al. 1982) . Moreover, extreme phenotypes are found segregating within species , or in some cases in hybrids between species (Rieseberg et al. 1996 . Thus, as predicted by theoretical work, the same processes that occur over microevolutionary timescales can lead to periods of stasis followed by rapid morphological changes, as often seen over macroevolutionary scales (Kirkpatrick 1982; Lynch 1990; Hansen and Martins 1996) . Also, key innovations underlying habitat shifts (Filchak et al. 2000) or adaptive radiations (e.g., Hunter and Jernvall 1995) have often been shown to evolve due to incremental shifts in morphology rather than macromutations. However, even when superficially similar morphological changes occur over both short and long timescales, some have argued that the genetic basis is fundamentally different (Carroll 2000) . Thus, after decades of debate, the argument remains unresolved as to whether long-term evolutionary patterns are governed by fundamentally different forces than short-term evolution.
Comparisons of micro-versus macroevolution have been complicated by the fact that these two stages of evolution are usually studied with different tools. Macroevolution is typically the province of paleontology, phylogenetics, and evo-devo (Carroll 2000; Jablonski 2000; Stern 2000) , whereas microevolution is amenable to manipulative approaches, such as controlled crosses and selection experiments. However, with the advent of high-throughput sequencing technologies, massive amounts of sequence data are becoming available for numerous taxa (Benson et al. 2007) , making it possible to compare changes in a large number of genes across numerous and diverse taxa. These data enable direct comparisons of changes in the same characters (i.e., changes in DNA sequences) over both short and long evolutionary timescales. Moreover, because many genes are examined rather than only a few, light may be shed on genome-wide patterns of evolution.
The Asteraceae (Compositae) is a large family of over 20,000 wild, weedy, and domesticated species, including an estimated 10% of all Angiosperm species (Heywood 1978; Cronquist 1981) . Using a database of over 800,000 Sanger expressed sequence tag (EST) sequences from 22 species covering four different tribes and representing several of the major lineages of the Asteraceae (Barker et al. 2008; Heesacker et al. 2008 ; http://cgpdb.ucdavis. edu/), we performed multiple bioinformatic analyses to assess neutral and nonneutral evolutionary processes across this diverse plant family. Rates of evolution at silent and coding sites were assessed for different Gene Ontology (GO) functional categories (Rhee et al. 2003) , comparing rates of evolution over shorter and longer evolutionary timescales. Similar analyses were conducted in six other plant families to assess whether patterns of molecular evolution in the Asteraceae are observed in other plant taxa.
We used these data to test the hypothesis that rates of evolution over longer timescales are predictable due to functional constraints (i.e., purifying selection), but more variable over short timescales, where positive selection is detectable. We also addressed the following questions: What genetic changes accompany divergence over different timescales, such as between domesticated species and their wild progenitors, sister species, and more distant congeners or tribes within a family? Are the same genes evolving more rapidly/slowly in each comparison? Do particular classes of genes always tend to be highly conserved in amino acid sequence over long timescales?
Materials and Methods

Sequence Data
A total of 804,654 EST sequences from plants in the family Asteraceae were available through GenBank (Benson et al. 2007 ) on 1 June 2009, including substantial EST databases (greater than 15,000 high-quality sequences) for 22 species ( fig. 1 ). More information on the ESTs can be obtained from the Compositae Genome Project (http://cgpdb.ucdavis. edu/), which generated the majority of those available for the Asteraceae (Barker et al. 2008; Heesacker et al. 2008 ). Five of the major lineages within the Asteraceae-the tribes Heliantheae (eight species of Helianthus and one of Zinnia), Cichorieae (five species of Lactuca, two Taraxacum, and two Cicchorium), Cardueae (two species of Centaurea and one of Carthamus), Anthemideae (Artemisia annuua), and Mutiseae (Gerbera Â hybrida)--were represented. Additionally, for some species, substantial numbers of sequences were available for multiple genotypes. In particular, a total of 94,111 EST sequences were used from Helianthus annuus, including 66,099 sequences from domesticated sunflower varieties and 28,012 sequences from a wild genotype.
Other ESTs were downloaded from GenBank, including all large (greater than 15,000 sequences) EST libraries from the Brassicaceae, Pinaceae, Fabaceae, Poaceae, and Solanaceae, and the predicted coding sequences from all whole chloroplast genomes available from five clades: Campanulids, Brassicaceae, Fabaceae, Poaceae, and Solanaceae. These taxa were chosen for the diversity of species and genera with substantial EST resources represented within each group, enabling both micro-and macroevolutionary comparisons within each family.
Ka, Ks, and Likelihood Ratio Tests A bioinformatic pipeline was developed to identify all reciprocal best hits found in a given set of species (Barker et al. 2010) . First, EST sequences were cleaned and clustered into contigs as in Barker et al. (2008) , using Seqclean (http://compbio.dfci.harvard.edu/tgi/software/) and the UniVec database (http://www.ncbi.nlm.nih.gov/ VecScreen/UniVec.html) to remove vector contamination and using CAP3 as implemented by the TGICL pipeline with default settings (Huang 1996) to assemble these cleaned reads into contigs for each species. These contigs were used in reciprocal all versus all megablast searches in FIG. 1. Phylogenetic relationships among the species used, adapted from Rieseberg (1991) , Funk et al. (2005) , and Timme et al. (2007) . Kane et al. · doi:10.1093/molbev/msr166 MBE pairwise comparisons between the species (Altschul et al. 1990 (Altschul et al. , 1997 to identify significant similarities in sequences found. Orthologs were defined conservatively as reciprocal best hits between all pairwise combinations within each comparison made, with a minimum cutoff of 90% sequence similarity over 300 bp. The best protein hit from the Viridiplantae protein database (Wheeler et al. 2005; Barker et al. 2008 ) was identified using BlastX (Altschul et al. 1997) , with a minimum of 80% identity of 100 bp. Because we relied on protein-guided alignments, orthologs without significant protein hits were discarded. Predicted protein sequences for the remaining orthologs were made using the GeneWise hidden Markov models (Birney et al. 2004) implemented in the program Wise2.2 and aligned using MUSCLE 3.6 (Edgar 2004) . The corresponding coding DNA sequence alignment was found using the program RevTrans1.4 (Wernersson and Pedersen 2003) and formatted for PAML (Yang 1997 (Yang , 2007 using the program SEALS (Walker and Koonin 1997) . The codeml program from PAML3.15 (http://abacus.gene.ucl.ac.uk/software/paml.html) was used to calculate divergence at synonymous (Ks) and nonsynonymous (Ka) sites for each ortholog set as well as the ratio between these statistics, Ka/Ks.
The diversity of available resources in this family enables a number of interesting comparisons. Evolutionary rates (Ka and Ks) and rapidly evolving genes possibly experiencing positive selection (defined as Ka/Ks . 1 or by significant likelihood ratio test [LRT] , see below) were obtained for short time frames (domestication or speciation), intermediate time frames (divergence between sections within a genus or divergence between genera within tribes), and longer time frames (divergence between tribes). Short timescale comparisons included the domestication of sunflowers (H. annuus wild vs. domesticated) and lettuce ( Lactuca serriola vs. L. sativa) and the divergence of sister or closely related species (H. annuus vs. H. argophyllus, H. petiolaris vs. H. exilis, H. ciliaris vs. H. tuberosus, Cichorium intybus vs. C. endivia, Taraxacum officinale vs. T. kok-saghyz, Centaurea maculosa vs. C. solstitialis). Intermediate timescales included H. petiolaris versus H. tuberosus, L. perennis versus L. saligna, Cichorium versus Taraxacum, and Centaurea versus Carthamus. The longest timescales included comparisons between the tribes, including Helianthus versus Artemisia and Lactuca versus Centaurea.
Patterns identified in the Asteraceae data set were confirmed in EST data sets from five other taxa: the Brassicaceae, Pinaceae, Fabaceae, Poaceae, and Solanaceae, and for choroplast coding sequences from five taxa: Campanulids, Brassicaceae, Fabaceae, Poaceae, and Solanaceae. Short microevolutionary timescales included the divergence of congeneric species: between hundreds of thousands and a few millions of years, for instance, for Helianthus Strasburg and Rieseberg 2008) . Macroevolutionary timescales included the divergence of tribes within major families, or the divergence of families themselves, representing tens of millions to over 100 My (Kellogg 1998; Wikström et al. 2001 ).
Genes Under Selection
Candidate genes likely to be under positive selection were identified using several different approaches. The codeml program in PAML3.15 was used to perform LRTs, based on the methodology of Yang (1998) and Yang and Nielsen (1998) , to detect significant variation in evolutionary rates along different taxonomic lineages. Codons showing evidence of strong positive selection were detected using the sites model of PAML Yang 1998, Yang et al. 2000) , by comparing the likelihood calculated under the codeml null model M7, which does not allow Ka/Ks to be greater than one, to the likelihood calculated under the codeml model M8, which allows the Ka/Ks ratio to be greater than 1.0 (Yang 2007) . These tests were run on several different sets of taxa. Lineage-specific selection was examined during the radiation of the annual sunflowers using the comparison of the four annual sunflowers H. annuus, H. argophyllus, H. petiolaris, and H. exilis. The radiation of annual lettuce species was examined using L. sativa, L. serriola, L. saligna, and L. virosa. The radiation of the Cichorieae was examined using two members of each genus, with L. sativa, L. serriola, C. intybus, C. endivia, T. officinale, and T. kok-saghyz. The whole family was examined using one member of each tribe, H. annuus, L. sativa, C. maculosa, A. annua, and G. hybrida. Significance was assigned for each test by calculating the likelihood ratio statistic (twice the log-likelihood difference between the two compared models), which yields a v 2 statistic with critical values of 5.99 and 9.21 at 5% and 1% significance levels, respectively (Yang 2007) . To statistically minimize the false discovery rate (FDR), q values, rather than P values were used, with an FDR cutoff of 0.05, so that fewer than 5% of the genes identified as significant are likely to be statistical false positives (Storey and Tibshirani 2003) . In addition to the LRTs, codeml was used to calculate Ka and Ks values for each ortholog set. Significance of the association between rates of evolution in different tribes was assessed using correlation analysis in R 2.4.1 (R Development Core Team 2006).
Protein Function
The best protein hit from Arabidopsis thaliana was identified for each ortholog group using BlastX, with a minimum e value of 10 À20 and at least 100 amino acid alignment length (Altschul et al. 1997 ) allowing annotation for possible functions categorized according to biological function and the cellular localization of protein products based on GO functional groups (Rhee et al. 2003) . Differences in the distribution of genes into the various GO functional categories were evaluated statistically using chi-squared tests, with P values computed from 100,000 Monte Carlo simulations in R (R Development Core Team 2005). GO categories with residuals of magnitude greater than 2.0 were considered to be major contributors to significant (P , 0.05) chi-square statistics.
Radical Amino Acid Substitutions
The four-species ortholog sets, which consist of predicted protein sequences from H. annuus, L. sativa, C. endivia, Macroevolution and Microevolution · doi:10.1093/molbev/msr166 MBE and A. annua, were used for BLOcks of Amino Acid SUbstitution Matrix (BLOSUM) analysis. Pairwise alignments between the orthologs of H. annuus and A. annua and between those of C. endivia and L. sativa were performed using MUSCLE 3.6 (Edgar 2004) . For each ortholog pair, the BLOSUM80 scores for the amino acid substitutions (AAS) indicated by alignment (excluding the gap positions) were summed up and averaged over the total number of AASs to produce a measure that reflects the per-site likelihood of AAS for that ortholog. Relationships between BLOSUM80 scores and divergence as measured by Ka/Ks ratios were assessed by regressing the average BLOSUM80 scores against Ka/Ks for each phylogenetically independent comparison.
Results
Ka, Ks, and LRTs
Over long evolutionary timescales, the vast majority of protein-coding genes appeared to be under strong purifying selection. A total of 1650 orthologous protein-coding genes were identified in one species from each of the three tribes represented in the Compositate Genome Project Database, including sunflower H. annuus (from the Heliantheae), lettuce L. sativa (from the Cichorieae), and safflower Carthamus tinctorius (from the Cardueae). Low Ka/Ks ratios in most of these genes suggest strong purifying selection. Of these 1,650 genes, only 548 had an identifiable ortholog in Artemisia, the only member of the Anthemideae in our data set. Nonetheless, adding this taxon provides an interesting data set with many of the same characteristics of the larger three-species ortholog set. Nearly, all orthologs in this four-species set showed strong evidence of purifying selection, with average Ka/Ks ratios of 0.10 over all genes. Only one gene (with homology to AT1G12410, a gene with no known function which was also found to be evolving rapidly over shorter time periods in Lactuca species) showed Ka/Ks greater than one in one lineage based on LRT. As in the comparison of only three tribes, genes that showed relatively high Ka/Ks in one pairwise comparison showed similarly high levels in other pairwise comparisons ( fig. 2) . The correlation between Ka/Ks in the Lactuca versus Carthamus and Ka/Ks in the Artemisa versus Helianthus was significant (P , 10 À16 , Pearson's R 2 5 0.32). There were relatively few ESTs available for Gerbera, and all were from floral tissue (Laitinen et al. 2005) , so the Mutiseae provided far fewer orthologs. Nevertheless, very similar patterns were found when examining the 249 putative orthologs identified between Helianthus, Lactuca, Centaurea, and Gerbera (supplementary fig. S1 , Supplementary Material online, P , 10
À15
, R 2 5 0.37). Thus, selection appears to have been similar in all four lineages over these longer evolutionary time periods, and it is predominantly purifying.
However, when examining evolution over shorter timescales, we see evidence of many more genes with high Ka/ Ks ratios (roughly 4%; see below), and nearly, all of this putatively positive selection appears to be lineage specific. For instance, when looking at pairwise comparisons between the domesticated species and their wild relatives in the two genera, there is no relationship between the rate of ortholog evolution across multiple lineages, based on either Ka ( fig. 3a , R 2 5 0.0036, Not significant, NS) or Ka/Ks (R 2 5 0.0032, NS). Likewise, we see little overlap during divergence of wild species. There is no significant correlation between Ka for H. annuus versus H. argophyllus, two sister species of annual sunflower (Timme et al. 2007) , and Ka for H. ciliaris versus H. tuberosus, two perennial sunflowers ( fig. 3b , NS, R 2 5 0.004). There is also no correlation between two different speciation events in the Cichorieae, L. sativa, and L. serriola as compared with C. endivia ( fig. 3c , NS, R 2 5 0.0025). However, when we move out to the genus level, there is a more significant relationship, although not as strong as between tribes (supplementary fig. S1 , Supplementary Material online, P , 10 À16 , R 2 5 0.085). There are only two tribes with more than one genus in the current data set, so this is the only comparison that can be made. Nonetheless, it is consistent with increasing concordance in the evolutionary rates of genes at greater taxonomic distances.
These patterns were also found in the other taxonomic groups examined. In every macroevolutionary comparison but one (Solanaceae), rates of evolution were correlated such that genes evolving rapidly in one lineage also evolved rapidly in the other lineage examined for both nuclear ESTs and chloroplast-encoded coding sequence ( fig. 4, nuclear;  supplementary fig. S1 , Supplementary Material online, chloroplast). In contrast, there was little evidence for concordance over shorter periods of time. Of the ten microevolutionary comparisons made with ESTs and six microevolutionary comparisons made with chloroplast coding sequence, only comparison one was significant, and with a very low R 2 (Solanaceae ESTs, R 2 5 0.06, P , 0.00001, fig. 5, nuclear; supplementary fig. S4 , Supplementary Material online, chloroplast). The Pinaceae was removed from this analysis as most of the orthologs showed no divergence at nonsynonymous sites in at least one comparison, making calculation of Ka/Ks impossible. 
MBE
The LRTs identified highly significant genes in every Asteraceae comparison made (supplementary table S1, Supplementary Material online). The patterns are largely similar to those seen in the Ka/Ks comparisons: very little overlap among rapidly evolving genes across different speciation events. Of 928 orthologs identified among the four annual sunflowers examined (H. annuus, H. argophyllus, H. exilis, and H. petiolaris), 37 (4.0%) showed significant evidence for rapid protein evolution in the domesticated lineage based on the LRTs (q , 0.05). In the four annual lettuce lineages (L. sativa, L. serriola, L. virosa, and L. saligna), 68 (4.2%) of 1,589 orthologs identified show significant evidence for positive selection during domestication based on LRTs (q , 0.05), and none of them are shared with Helianthus. Of the 1,853 orthologs identified across the three genera from the Cichorieae, Lactuca, Cichorium, and Taraxacum, 52 showed significant (q , 0.05) LRT-based tests for selection.
Protein Function
Given the high level of correlation between the rates of evolution of specific genes in different macroevolutionary comparisons, it was not surprising to see a high degree At the microevolutionary level, there was much less consistency in which genes had many AASs and which had the fewest. Nonetheless, it should be noted that similar classes of genes show the highest levels of constraint based on GO annotations, including a consistently high proportion of very slowly evolving ribosomal proteins, just as in the macroevolutionary comparisons (supplementary fig. S3 , Supplementary Material online). Similarly, the genes showing significant evidence for positive selection (supplementary fig. S4 , Supplementary Material online) show functional similarities to the rapidly evolving genes in the macroevolutionary analysis, with few genes that contribute to molecular structures, many membrane-bound genes, and a relatively large fraction targeted to the organelles.
Radical AASs
The results of the BLOSUM analysis ( fig. 6a and b) indicate that genes that more rapidly accumulate AASs (higher Ka/ Ks ratios) over macroevolutionary time also tend to have more unlikely substitutions (negative BLOSUM scores), which are more likely to bear significant effects on protein MBE structure and function (Henikoff S and Henikoff JG 1992) . In contrast, the more slowly evolving genes (lower Ka/Ks ratios) tended to have less radical substitutions (more positive BLOSUM scores). This is consistent with other evidence for purifying selection at these loci, allowing only conserved substitutions to occur.
Discussion
Micro-Versus Macroevolutionary Change
We used a variety of bioinformatic tools to examine relationship between the identity and putative function of genes and evolutionary rate over shorter and longer time periods. Over macroevolutionary time (during the divergence of genera and tribes), the genes evolving most rapidly or most slowly were highly predictable and quite consistent (figs. 2 and 4). There was little evidence for positive selection over these longer periods; purifying selection appeared to predominate. Moreover, genes evolving more rapidly also tended to have more drastic AASs ( fig. 6 ), again consistent with weaker purifying selection. Genes with more selective constraints such as ribosomal proteins and other genes that contribute to molecular structures consistently evolved more slowly, as expected (Hirsh and Fraser 2001; Degnan et al. 2005) . At a microevolutionary timescale, purifying selection also was the norm, and genes with structural molecular activity exhibited the strongest constraints. However, there was always some evidence for strong positive selection. Candidate genes under selection were identified in every speciation or domestication event examined, but there was generally very little overlap between any two speciation or domestication events in the identity of these genes. Nonetheless, particular classes of genes did recur, such as nuclear-encoded organellar proteins, membrane proteins, and hydrolases (supplementary table S1, Supplementary Material online). The lack of consistency in rates of evolution of orthologous genes on a microevolutionary timescale appears to be a consequence of both the very low levels of divergence in constrained genes (hence considerable noise) and lack of overlap in positively selected genes in different lineages.
When all comparisons are looked at together, a clear pattern emerges: short-term comparisons (with low K S ) show no conserved constraints, whereas deeper comparisons show very significant constraints in the rates of evolution ( fig. 7 ). This association is highly significant (R 2 5 0.64; P , 0.00001), strongly supporting our hypothesis that short-term patterns are dominated by less predictable forces, whereas long-term evolution is more affected by relatively constant purifying selection.
Our results indicate that both the strength and targets of purifying selection remain consistent and predictable over long timescales. This further implies that for many genes, their evolutionary rates on a macroevolutionary scale are controlled primarily by internal genetic selection pressures and constraints, which appear to be remarkably uniform despite large changes in genetic background and external environment. In contrast, the identity of positively selected genes appears to be idiosyncratic, and any given gene is rarely targeted by positive selection for very long. One explanation for this pattern is that positive selection may result more from external and highly variable environmental pressures than does purifying selection. Other explanations include the possibility that positive selection ceases once a new evolutionary optimum is reached and/or that there are abundant means (i.e., genetic pathways) by which the same evolutionary optimum can be attained. It is also possible that part of the pattern may be due to ongoing resolution of duplicate pairs in closely related taxa. Compared with distantly related organisms, the closely related organisms will generally share more recently duplicated genes, which are known to evolve more rapidly than single-copy genes (Gu et al. 2004) .
So does macroevolution represent an extension of microevolution? Yes, but not necessarily in the manner envisioned by Darwin or by the architects of the neo-Darwinian synthesis, in which large-scale change was thought to be accomplished through the slow and steady accumulation of many small changes. Instead, our data imply that macroevolution consists of the continuous accumulation of many, largely independent episodes of microevolutionary change, each driven by strong positive selection and mostly acting on different genes. However, this occurs against a background of constant change in the vast majority of genes, dictated by mutation rates and internal selection pressures.
One caveat is that the ESTs used only represent a subset of the genes in the genome. Thus, some genes may have a long history of positive selection but were not included in our study. Indeed, this has been reported for reproductive proteins in plants (Richman and Kohn 2000) and animals (Metz et al. 1998; Swanson et al. 2001) . Also, the ''unknown function'' category often contained the largest fraction of rapidly evolving genes, perhaps implying that long-term rapid evolution of these genes has obscured their identities. However, these problems would not affect our chloroplast comparisons, which are based on well-annotated fully-sequenced chloroplast genomes. Orthology is easy to ascertain for these genes. The chloroplast data sets show the same patterns as the ESTs, indicating that these 
Genes Under Selection in the Asteraceae
The number of loci potentially under selection in the Asteraceae is much higher than found in most other taxa (Gossman et al. 2010) , probably because the comparisons made here involve many species with relatively high effective population sizes (Strasburg and Rieseberg 2008) . The functions of genes under positive selection included numerous interesting candidate genes. In particular, quite a few positively selected genes showed homology to Arabidopsis loci involved in lipid biosynthesis (see supplementary table S1, Supplementary Material online), including AT3G60340, AT2G19010, AT1G24360, AT2G43710, AT3G12120, AT5G03610, and AT3G04290 (Slabas et al. 1992) . The oil content and composition of seeds from cultivated sunflower (Burke et al. 2005) , lettuce (Vries 1997) , and several other crops within the Asteraceae (Chapman and Burke 2007) have been important aspects of their domestication and also have crucial ecological functions in the wild (Linder 2000) . Another interesting class of candidate genes is those with homology to genes involved in interactions between the nucleus and either the mitochondrion or the chloroplast, a set of 31 genes including AT2G22250 and AT1G26460, which can cause maternal-effect embryonic lethality (Pagnussat et al. 2005) . Other genes may underlie species-specific characteristics, such as a gene under divergent selection in the Cichorieae genera showing homology to AT1G13180, which affects trichome morphology (Szymanski 2005) . Additionally, putative transcription factors were well represented, including a gene with homology to NGA1 (AT2G46870), a regulator of floral and leaf development (Alvarez et al. 2006) . Finally, a number of genes with evidence of positive selection showed homology to genes involved in disease resistance: AT3G56400 ), AT4G22300 (Cunnac et al. 2007 ), or stress responses: AT1G75280 (Babiychuk et al. 1995) .
The Value of Genomic Data
One approach to understanding the genetic basis of evolution and adaptation is to identify genes under selection. Many recent studies have used population genetic approaches, such as hitchhiking mapping (Schlotterer 2002; Storz 2005; Vasemägi et al. 2005; Rieseberg 2007, 2008; Yatabe et al. 2007; Kane et al. 2009; Nosil et al. 2009; Tonteri et al. 2010) or genomic scans (Chapman et al. 2008 ) to identify candidate genes experiencing positive selection. However, this approach involves genotyping dozens, hundreds or even thousands of individuals, and can only be used to examine a small fraction of the genome. In taxa whose entire genomes have been sequenced, comparative genomics has led to substantial insights into the genes underlying reproductive isolation (Orr 2005 ) and adaptation (International Mouse Genome Sequencing Consortium 2002; Drosophila 12 Genomes Consortium 2007) as well as leading to a better understanding of the genetic material under selective constraint (Oeltjen et al. 1997; McGuire et al. 2000; Kellis et al. 2003; Stein et al. 2003; Stark et al. 2007 ). However, little has been done to exploit the potential of EST databases, which are much less expensive than whole genomes and are available for a wide variety of organisms (Benson et al. 2007 ). The present study illustrates how these EST databases can be used to make inferences about genome-wide rates of evolutionary change, thereby expanding the range of organisms available for comparative genomic studies. The fact that we see the same patterns in analysis using whole chloroplast genomes, which are very well annotated, demonstrates that the patterns are robust and not due to artifacts related to EST sequencing, our transcriptome assemblies or ortholog detection.
Conclusions
From this analysis, it does appear that, at least in some respects, macroevolution looks very much like ''repeated rounds of microevolution'' (Erwin 2000) . However, macroevolutionary change cannot be easily predicted by analysis of any one microevolutionary event. The genes evolving most rapidly over the short term are a subset of the genes evolving rapidly over the long term, and different shortterm evolutionary changes overlap only partially. The variation between different microevolutionary events is most likely at least partially due to external environmental factors as well as neutral processes. In contrast, long-term macroevolutionary patterns may be largely driven by internal genomic selection pressures and constraints, such as functional constraints, multigene interactions, and intergenomic conflicts. Nevertheless, there is a substantial amount of variation not explained by these constraints even in very distant comparisons, indicating that purifying selection is not entirely predictable.
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Supplementary table S1 and figures S1-S4 are available at Molecular Biology and Evolution online (http:// www.mbe.oxfordjournals.org/).
